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The abnormal aggregation of amyloid-beta (Ag) has been widely believed to play an important role in the
pathogenesis of Alzheimer’s disease (AD), which is also recognized as one of the main biomarkers for AD
diagnosis. The peptide sequence Lys-Leu-Val-Phe-Phe (KLVFF) is considered as the main driver of the
fibrillation of Ag, which also can be utilized to target A and inhibit its aggregation. In this study, KLVFF
and Fmoc-KLVFF fluorescent nanoparticles were self-assembled through zinc coordination and -7
stacking. The recognition of Ap aggregates including oligomers and fibrils by fluorescent nanoparticles
can be realized through aromatic, hydrophobic, and hydrogen-bond interactions. The fluorescent
nanoprobes can distinguish Ap aggregation formats and detect Ag at the limit of 1 pg/mL (S/N = 3). Hence,
the detection of Ap aggregates by fluorescent peptide nanoparticles has great potential for AD diagnosis
and progression prediction.
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Alzheimer’s disease (AD) is a degenerative disease of the central
nervous system, which seriously endangers the health of the
elderly and has a huge impact on society and the economy [1-3].
With the aging of the world population, the incidence rate of AD
has increased dramatically [4,5]. In the early stage of AD, amyloid-
beta (Ap) gradually polymerized and deposited to form amyloid
plaque, which led to tau protein phosphorylation and nerve fiber
tangle, eventually leading to neuron loss, degeneration, and
dementia [6-8]. Among them, amyloid positron emission tomog-
raphy (PET) and cerebrospinal fluid (CSF) analyses for amyloid, tau,
and phospho-tau have been utilized in the diagnosis of AD [9-11].
However, those diagnostic methods are invasive surgery and
expensive [12]. Therefore, it is essential to develop new diagnostic
methods to effectively diagnose AD and monitor its progression.

The process of the amyloid plagues’ formation process is as
follows. Firstly, A containing 39-43 residues is produced by the
action of amyloid precursor protein (APP) [13]. The main
components of Ap are Ap40 and Ap42. Secondly, the Ap monomer
is rich in p-sheet structure, so it is easy to form oligomer and fibril
that will lead to the neuron dysfunction [14]. These oligomers and
fibrils will gradually aggregate and lead to the formation of
nanofibers (NFS). The accumulation of NFS will eventually produce
amyloid plaque protein. Recent studies have shown that the level
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of Ap oligomer in serum is significantly positively correlated with
the level in CSF samples [15]. Therefore, Ag oligomer and fibril in
the blood are considered to be one of the most direct and relevant
biomarkers for the diagnosis of AD [16-18].

Lys-Leu-Val-Phe-Phe (KLVFF), a peptide sequence of Ap
fragment, is considered to be the main driving factor of Ag fibrosis.
This fragment has been proved to target A and inhibit its fibrosis
process through strong H-bond co-assembly [19,20]. Moreover,
this fragment is considered to be the key fragment for Ap
aggregates detection. Therefore, in this study, the process of
self-assembly and structural transformation of KLVFF peptides was
utilized for the detection of Ag in AD.

In our previous work, visible fluorescent self-assembled
dipeptide fluorescent nanoparticles (dPNPs) with biocompatibility
and photostability have been designed and prepared [21]. Previous
studies have demonstrated the feasibility of dPNPs as a functional
nanoprobe for targeted cancer cell imaging and real-time
monitoring of drug release. DPNPs were prepared through
hydrogen bonding, aromatic side chain stacking, and zinc
coordination [22-24]. After that, the similar peptide self-assem-
bled fluorescent nanoprobes have been utilized for the detection of
Ap for AD diagnosis [25]. However, due to the lack of specific
recognition, the detection efficiency is not satisfactory. The
functional peptide GHK-Cu has also been successfully self-
assembled into fluorescent peptide nanoparticles, which demon-
strated the capability of zinc coordinated peptide self-assembly
strategy could be applied to general functional peptide sequences
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[26]. Moreover, many peptide self-assembled nanomaterials have
been utilized for drug delivery applications [27-30]. Inspired by
the above fluorescent peptide self-assembly, the important
peptide sequence KLVFF in Ap that contains phenylalanine with
the aromatic ring was proposed for the self-assembly. The Fmoc
protecting group in Fmoc-KLVFF contains three aromatic rings,
which could provide more 7r-7r stacking in the self-assembly and
detecting processes. Therefore, in this study, KLVFF and Fmoc-
KLVFF could be self-assembled into fluorescent nanoparticles
(KNPs and FKNPs) though a similar principle. These nanoparticles
have unique nanostructures and can bind to Ag aggregates through
hydrogen bonding and aromatic ring interaction due to the KLVFF
sequence and the Fmoc fragment. The fluorescence intensity of
KNPs and FKNPs was changed significantly due to the combination
between those fluorescent nanoprobes and different formats of Ag
aggregates. Moreover, in cell experiments, KNPs and FKNPs have
shown good biocompatibility and have a certain inhibitory effect
on the process of Ag fibrosis.

Detailed experimental procedures are shown in Supporting
Information. To illustrate the molecular weight of the peptide and
understand the KLVFF and Fmoc-KLVFF more intuitively, mass
spectrograms of them were obtained (Figs. S1 and S2 in Supporting
information). We started with the synthesis of zinc coordinated
nanoparticles with fluorescence properties. The nano framework
synthesized by zinc coordination is composed of a strong metal
nitrogen bond, which has excellent chemical and thermal stability.
In particular, phenylalanine can combine with Zn?*, thus maxi-
mizing the intermolecular interaction between peptides and
forming ordered nanostructures. Moreover, phenylalanine and
Fmoc protecting groups contain the aromatic ring, so 7r-7r stacking
interaction also can be used as a driving force of self-assembly.
Based on the above principle of self-assembly, the peptide zinc
complex was synthesized by using MeOH and NaOH as a solvent in
a water bath at 85 °C. The optical properties of nanoparticles were
characterized by a fluorescence spectrometer. Before self-assem-
bly, there was no obvious fluorescence emission peak in the range
of 500—530 nm for KLVFF and Fmoc-KLVFF monomers. There are
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also no obvious fluorescence emission peaks in the range of
500-530 nm for KNPs and FKNPs that self-assembled without zinc
ions or heating. After adding zinc ions and heating in the self-
assembly process, obvious fluorescence emission signals were
observed in KNPs and FKNPs. The highest fluorescence emission
signal appeared at 515nm, and the excitation wavelength was
370 nm (Figs. 1A and D). After that, the optimized conditions of the
reaction system were investigated. The ratio of NaOH to MeOH is
one of the key factors that can affect fluorescence intensity.
Therefore, the ratio of 1:9, 2:8, and 9:1 was utilized for the self-
assembly of KLVFF and Fmoc-KLVFF in 10 mL system respectively.
Both of them have the strongest fluorescence intensity when the
ratio is 1:9 (Figs. 1B and E). The higher amount of MeOH in the
reaction system could decrease the reaction time and then induce
more crystalline structure in the self-assembled nanoparticles,
which is one of key factors for the fluorescence properties of KNPs
and FKNPs. The concentration of NaOH is also very important to the
fluorescence intensity. After determining the ratio of NaOH to
MeOH, 1 mol/L, 0.1 mol/L, and 0.01 mol/L NaOH were selected for
the self-assembly of KLVFF and Fmoc-KLVFF respectively. The
experimental results have shown that KLVFF has the strongest
fluorescence at the concentration of 0.1 mol/L NaOH (Fig. 1C), while
Fmoc-KLVFF has the strongest fluorescence at the concentration of
0.01 mol/L NaOH (Fig. 1F). The different concentrations of NaOH in
the reaction system can induce different pH values that could affect
the self-assembly process through the zeta potential of KLVFF and
Fmoc-KLVFF peptide sequences. Therefore, through the above
experiments, the optimized self-assembly conditions for KNPs and
FKNPs were achieved for the following detections.

The morphological analysis of KNPs and FKNPs was operated by
AFM and TEM. The results have shown that KNPs are irregular
aggregations with a height of around 44 nm (Figs. 2A and C). FKNPs
are spherical nanoparticles with more uniform dispersion and
have a diameter of around 20 nm (Figs. 2B and D). The different
self-assembled structures between KNPs and FKNPs could be the
reason of the Fmoc group, which supplied more aromatic
interactions for the uniform self-assembly. To verify the detecting
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Fig. 1. Design and synthesis of the KNPs and FKNPs. (A) Fluorescence emission spectra of KLVFF in four different conditions with excitation wavelengths at 370 nm: 1. KLVFF
monomers, 2. KNPs without Zn(Il), 3. KNPs room temperature, 4. KNPs. (B) Fluorescence emission spectra of KNPs under different NaOH:MeOH ratios: 1. KNPs
(NaOH:MeOH = 1:9), 2. KNPs (NaOH:MeOH = 2:8), 3. KNPs (NaOH:MeOH = 5:5). (C) Fluorescence emission spectra of KNPs under different NaOH concentrations: 1. KNPs
(1 mol/LNaOH), 2. KNPs (0.1 mol/LNaOH), 3. KNPs (0.01 mol/LNaOH). (D) Fluorescence emission spectra of Fmoc-KLVFF in four different conditions: 1. Fmoc-KLVFF monomers,
2. FKNPs without Zn(II), 3. FKNPs room temperature, 4. FKNPs. (E) Fluorescence emission spectra of FKNPs under different NaOH:MeOH ratios: 1. FKNPs (NaOH:MeOH = 1:9), 2.
FKNPs (NaOH:MeOH =9:1), 3. FKNPs (NaOH:MeOH = 5:5). (F) Fluorescence emission spectra of FKNPs under different NaOH concentrations: 1. FKNPs (1 mol/L NaOH), 2. FKNPs

(0.1 mol/L NaOH), 3. FKNPs (0.01 mol/L NaOH).
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Fig. 2. Morphological characterization of fluorescent nanoparticles and Ap42
aggregates. AFM images of KNPs (A) and FKNPs (B). TEM images of KNPs (C) and
FKNPs (D). AFM images of Ap42 oligomers (E) and Ap42 fibrils (F).

ability of KNPs and FKNPs for AD diagnosis, different forms of Ap42
aggregates were synthesized. The morphology of the Aj oligomer
(Fig. 2E) and Ap fibrils (Fig. 2F) were characterized by AFM. The Ap
oligomer is a relatively uniform nanoparticle, and the Ap fibrils
show a nanofibrous structure, which are the typical formats of Ag
aggregates.

It is well known that Ag42 in the brain of AD patients can gather
together to form plaques and remain in the brain parenchyma,
resulting in a decrease of Ap42 protein level diffused into the blood.
To verify that the fluorescent peptide nanoprobes can distinguish
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Ap42 aggregates with different concentrations and forms, the
concentration of Apg42 close to its real value in human blood was
selected to carry out the gradient verification. Researchers have
summarized that the concentration of Ap42 is around 2 x 1078
mg/mL in the blood from AD patients [31]. Therefore, the
concentration of synthetic Ap42 aggregates with gradients of 10
410°,10,107,10°%,10°, and 107'° mg/mL was determined. Ap42
aggregates with different morphology and fluorescent nano-
particles were mixed. Then the fluorescence intensity was
recorded for the analysis. The results in Fig. 3 showed obvious
linear trends. When Ap42 oligomer combined with FKNPs, the
fitting curveisy = 8.2781x + 314.89, R? = 0.998 (Fig. 3A). When Ap42
fibril combined with FKNPs, the fitting curve is y=10.987x +
340.48, R?=0.9963 (Fig. 3C). When Ap42 oligomer combined with
KNPs, the fitting curve is y = 6.3033x + 308.11, R? = 0.9662 (Fig. 3B).
When Ap42 fibril combined with KNPs, the fitting curve is
y=6.6333x + 316.52, R>=0.9933 (Fig. 3D). The above results have
demonstrated that KNPs and FKNPs both have the ability to
distinguish different concentrations of Ap42. Moreover, the FKNPs
showed more sensitive detecting ability and more detecting
ranges. The reason could be the morphology of the FKNPs, which
have more uniform nanoparticles that can supply a larger specific
surface area. Therefore, FKNPs could bind more Ap aggregates and
result in a better detecting result. Taking 10~® mg/mL Ap42 as the
example that is close to the real value of Ag aggregates in human
blood, the fluorescence intensities of KNPs and FKNPs combined
with Ap42 monomers, fibril and oligomer are different (Figs. 3E
and F). This result demonstrated that both FNPs and KFNPs can
distinguish different forms of Ap42 aggregates. Therefore, the
KLVFF based fluorescent nanoparticles self-assembled in this study
could be used to diagnose AD and monitor its progression due to
their capacities to detect and distinguish different formats and
concentrations of Ap aggregates.

In order to verify the inhibiting ability of KNPs and FKNPs for Ap
aggregation, AFM was utilized to monitor the combination and
self-assembly processes. KNPs and FKNPs were incubated with
Ap42 monomers for 24 h, and pure Ag42 monomer was used as the
control. As shown in Fig. 4A, the Ap42 monomers were self-
assembled into uniform nanoparticles with diameters around
18.7 nm after 1 h and continued aggregated to form fibrils with
diameters around 29.9 nm after 24h without any treatments.
However, KNPs with Ap42 were self-assembled into random
nanostructures around 26 nm high after 1h and changed to
39.8 nm after 24 h. FKNPs with Ap42 were self-assembled into
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Fig. 3. Fluorescent nanoparticles distinguish Ap42 aggregates with different concentrations and forms. Correlation curve of Igc (Ap42 oligomers) and fluorescence intensity of
FKNPs (A) and KNPs (B) combined with Ap42 oligomers. Correlation curve of Igc (Ap42 fibrils) and fluorescence intensity of FKNPs (C) and KNPs (D) combined with Ap42 fibrils.
(E) Fluorescence emission spectra of FKNPs binding to Ap42 with excitation wavelengths at 370 nm: 1. FKNPs + fibrils, 2. FKNPs + oligomers, 3. FKNPs + monomers, 4. FKNPs.
(F) Fluorescence emission spectra of KNPs binding to Ap42 with excitation wavelengths at 370 nm: 1. KNPs + fibrils, 2. KNPs + oligomers, 3. KNPs + monomers, 4. KNPs.



D. Liu et al./Chinese Chemical Letters 32 (2021) 1066-1070 1069

¥ 18.70m

289 nm

24 h

® 120

KNPs + £

__FKNPs + Ag

26.0 nm

39.8 om

& 80 -
=
ﬁ 60 4
z o
8 40 A

20 A

0 T

Control KNPs + A FKNPs + AB

Fig. 4. (A) Morphological characterization of the self-assembly process of fluorescent nanoparticles and Ap42. (B) The anti-toxicity effects of Ap42 by KNPs and FKNPs.

nanoparticles with a diameter of around 15.5 nm after 1h and
changed to 35nm random nanoparticles after 24 h. It can be
proved that KNPs and FKNPs can combine with Ap42 and inhibit
the process of fibrosis.

To detect the cytotoxicity of KNPs and FKNPs and their
capacities to decrease the cytotoxicity of Ap aggregates, PC12 cells
with CCK-8 assay were utilized in this study. Compared with the
control group without any treatment, the viability of PC12 cells
added with pure Ap42 was about 40%, the cell viability after treated
with Ap42 and KNPs was about 60%, and the viability of PC12 cells
added with Ap42 and FKNPs together was about 80% (Fig. 4B).
Therefore, it is clear to see that KNPs and FKNPs not only have good
biocompatibility but also can decrease the cytotoxicity of Ap42
aggregates.

In conclusion, the KLVFF and Fmoc-KLVFF self-assembled
fluorescent nanoparticles KNPs and FKNPs with good biocom-
patibility can recognize and combine with Ap42 aggregates,
induce changes in fluorescence intensity. Both KNPs and FKNPs
can detect different concentrations of Ap42 and distinguish
different forms of Ap42 (fibril and oligomer), which have the
potential for AD diagnosis and accurately determine the patho-
logical period of AD patients. Moreover, FKNPs are superior to
KNPs no matter the size of nanoparticles to the ability to
distinguish different concentrations and forms of Ap42 aggregates.
The main reason is that there are three aromatic rings in the Fmoc
structure, which play a stronger role in the self-assembly process
and the specific binding process with Ap42. Another reason could
be the electrostatic interaction as KNPs were negatively charged
while FKNPs were positively charged (Figs. S3 and S4 in Supporting
information). The surface charge of Ag42 is negative so that it is

easier to combine with FKNPs. Therefore, Fmoc-KLVFF self-
assembled fluorescent nanoparticles FKNPs is the suitable
biological nanoprobe that has the potential to diagnose AD and
monitor its progression.
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